An approach for conducting reliability-based analysis (RBA) of a Composite Crew Module (CCM) is presented. The goal is to identify and quantify the benefits of probabilistic design methods for the CCM and future space vehicles. The coarse finite element model from a previous NASA Engineering and Safety Center (NESC) project is used as the baseline deterministic analysis model to evaluate the performance of the CCM using a strength-based failure index. The first step in the probabilistic analysis process is the determination of the uncertainty distributions for key parameters in the model. Analytical data from water landing simulations are used to develop an uncertainty distribution, but such data were unavailable for other load cases. The uncertainty distributions for the other load scale factors and the strength allowables are generated based on assumed coefficients of variation. Probability of first-ply failure is estimated using three methods: the first order reliability method (FORM), Monte Carlo simulation, and conditional sampling. Results for the three methods were consistent. The reliability is shown to be driven by first ply failure in one region of the CCM at the high altitude abort load set. The final predicted probability of failure is on the order of 10 -11 due to the conservative nature of the factors of safety on the deterministic loads.
question. Finally, how much does the deterministic factor of safety on loads affect the reliability of the final design? This question is answered by comparing reliability estimates both with and without uncertainties in the loads.
In the limited context of structural analysis for a space vehicle using simplistic strength-based failure methods, this study shows the strengths and weaknesses of the RBDO approach. In this context, the perceived conservativeness of the traditional factor of safety-based design approach is examined. Examples and recommendations are presented for characterizing and modeling uncertainties, for validating structural analyses and probability calculations, and for computing the final design risk while accounting for important uncertainties.
This paper is organized as follows. Section II provides a description of the CCM analysis problem including a model description, response computations, and random parameters. Section III presents the probabilistic analysis approach and describes how the large volume of deterministic analysis results will be handled by the probabilistic analysis. Section IV presents a sample of probabilistic analysis results for the baseline CCM. A summary of the current status of the probabilistic analysis is presented in Section V.
II. Description of CCM Structural Analysis Problem
In this section, the CCM structural analysis problem is described. The finite element (FE) model and the analyses that simulate the CCM and its response are discussed. Next, the methods used to compute strength-based margins of safety for the structure are presented. In the third part of this section, the random parameters that are used in the probabilistic analysis calculations are discussed.
A. Analysis model
All FE analyses are performed with MSC/NASTRAN software, a product of MSC.Software Corporation (Ref. 2) ‡ . The FE model of the CCM consists of a conical upper pressure shell and a lower dome-like pressure shell connected by a cylindrical splice joint "belly band" (Figure 1 ). The model consists of 28,542 nodes, 29,125 shell elements (CTRIA3 and CQUAD4), and 1699 line elements (CBAR, CBUSH, CELAS, and CROD). The FE model includes design details such as windows, access doors, an International Space Station (ISS) interface tunnel, and six service module/alternate launch abort system (SM/ALAS) fittings. Several components of the FE model are used as load introduction structures, and hence were not sized in the DDT&E project. These unsized components were removed from Figure 1 for clarity. ‡ The use of trademarks or names of manufacturers in this report is for accurate reporting and does not constitute an official endorsement, either expressed or implied, of such products or manufacturers by the National Aeronautics and Space Administration.
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Thicknesses and material properties for the FE model were determined by the DDT&E team in Ref. 1 Structural engineers define limit loads as the largest load a structure is expected to encounter. Ultimate loads represent limit loads multiplied by a factor of safety. For this study, all 115 load sets used in the DDT&E study are applied to the FE model, as summarized in Table 1 (repeated from Ref. 1) . For all cases, NASTRAN analyses were performed as linear static analyses. Note that the FE model used in this paper is a coarse model used in preliminary sizing for all flight load sets. The final refined FE models used to design the details of the final test article (and the load sets used in experimental testing of the test article) were unavailable for use in this paper. For composites, the FI was computed for each ply in each element using the Hoffman first-ply failure theory (Ref. 4) using Eq. 1. For the CCM analysis, the Hoffman FI calculation used in-plane ply stresses computed by MSC/NASTRAN. The strength allowables were derived from A-basis, open hole, damage tolerant strain allowables for fabric and tape and included knockdowns for environmental effects. In Eq. 1, X T , X C , Y T , Y C , and S represent strength allowables for longitudinal tension, longitudinal compression, transverse tension, transverse compression, and shear, respectively. In Eq. 1, a FI value greater than unity indicates failure. 
Deterministic sizing of the CCM in Ref. 1 was performed on a component-by-component basis using the Hypersizer software. For the baseline coarse FE model, several large FI values were found in the Hypersizer database. These large FI values were eliminated from the final refined CCM models by model improvement and component redesign, but these improved features were not in the coarse model. These large FI values would skew the reliability estimate (resulting in a very high probability of failure); so they had to be investigated and eliminated from the coarse model if possible. Many large FI values were for a honeycomb shear failure mode defined in Hypersizer. Because the honeycomb allowables for this failure mode were not well defined, this entire failure mode was eliminated from the results in this paper. For this paper, only the Hoffman criterion for failure of the composite components is considered.
Some large FI values for the Hoffman strength criterion were found to occur at a few localized shell elements where the model used rigid elements at point load locations, where the shell elements connected to solid elements, or where a significant change in the number of plies occurred over a few elements. Results at these localized elements were eliminated in the reliability estimate to prevent model inadequacies from affecting the calculated reliability.
In Ref. 1, the Hypersizer software was found to be an adequate tool for designing the CCM based on static loading. It is possible to extract FI values from the Hypersizer object model efficiently using Visual Basic, C++, or Python scripts. However, results needed for the reliability calculation (e.g., ply-level stresses) could not be extracted from the Hypersizer object model and had to be extracted directly from NASTRAN output files.
In the deterministic analysis, one FI is computed for each ply for each of 115 load sets for a total of over 43 million FI values. It is expedient to reduce the millions of NASTRAN stress values to a few thousand data points in order to facilitate the reliability analysis. This data reduction step is helpful for both LaRC-developed and commercial reliability analysis software, and some code development is required to perform this data reduction for either software system. A few weeks of work was required by the analyst to set up this software, but this set up time is consistent with the time required to set up the baseline deterministic analysis problem. By using only one set of stress results per component per load set, it is possible to reduce the number of FI calculations used as limit state functions by the reliability estimation software from tens of millions down to a few thousand.
In Figure 2 , the critical load sets from the DDT&E sizing are shown on the FE model. A load set is considered critical if the FI computed for that load set is the highest for a given component. According to the table in Figure 2 , for first-ply failure, only 15 of the load sets (2 abort, 1 pressure, 10 parachute, 1 translunar injection (TLI), and 1 water landing) are critical for the 139 composite components. This data reduction results in 2085 FI values that are tracked during the reliability analysis. This critical load set information will be used in the probabilistic analysis process to reduce the amount of data used in the probability of failure calculations. Table 2 . Component #10,065 (on the lower shell near the SM/ALAS fittings) had the highest FI at the high altitude abort load set for this coarse FE model. As will be shown in the results section, this component was the most critical for the reliability calculation. 
C. Probabilistic Variables
One of the key issues in probabilistic design is to determine the uncertainties that are associated with structural analysis. The type, distribution, sensitivity, and significance for each source of uncertainty must be considered. Possible sources of uncertainty include modeling errors, manufacturing errors, environmental variability, aerodynamic loads, and material variability. Many sources of uncertainty were ignored for this study because their effects on the design were considered small in comparison to other sources of uncertainty or because of a lack of quantifiable data on the uncertainty distributions. The ignored sources of uncertainty include material elastic properties, as-manufactured ply thickness variations, model geometry errors, and model fidelity errors.
Based on prior research experiences in structural analysis, two major sources of uncertainty dominate the failure probability (Refs. 5−8). These two uncertainties are randomness in the applied load and variability in the allowables (i.e., strength limits). The procedure that is used to determine the distributions for these two sources of uncertainty is discussed below.
C.1 Distribution for material strength limits
A-basis material allowables were extracted from a materials database used by the DDT&E project. A-basis tolerances are the values above which 99 percent of a specified population of measurements is expected to fail, with a confidence of 95 percent (Ref. 9). Similarly, B-basis values are concerned with 90 percent of the population. An idealized distribution on the material limits is shown in Figure 4 . In this study, a normal distribution is selected for the materials because the central limit theorem states that the combination of the uncertainties of multiple factors is a normal distribution (Ref. 10). For a standard normal distribution (i.e., mean = 0, standard deviation = 1), the notation Φ(K) (Eq. 2) is commonly used to represent the cumulative distribution function of the standard normal variate K. In Eq. 2, ξ is a variable representing the random parameter (e.g., strength) used in the integration. The standard normal variate represents the number of standard deviations from the mean µ (Ref. 10). The value for the standard normal variate K p for a cumulative probability p is computed from Eq. 3:
The strength value s for a given K p , µ, and coefficient of variation (CV) can be computed as:
The corresponding normal variate for the A-basis strength (s A ) is -2.326 based on an infinite number of coupon tests. Therefore, the normalized mean (µ A /s A ) for material strength can be computed from Eq. 5 below:
The allowables used for the deterministic CCM design were derived from the A-Basis open hole compression allowables for 70°C, wet conditions calculated assuming the most conservative probability distribution functional form, as described in Ref. 1 . For the CCM study, coupon test data were not available, so a CV of 5% was assumed and the normalized mean for the five allowables (X T , X C , Y T , Y C , and S) was computed from Eq. 5 and is given in Table 3 . 
C.2 Distribution for the load
Load uncertainty distribution is difficult to determine in the absence of measured data. For space vehicles, the loads depend upon many factors (e.g., flight path, accelerations, payload, aeroheating, and vibration). The uncertainty of the load is the combination of the randomness in all of these factors. During the DDT&E, the loads were determined based on the vehicle configuration and the aerodynamic performance as specified by the flight mission profile. However, these deterministic loads were deficient in that the loads were not all based on a statistical probability of occurrence. The only statistical data available for the CCM were associated with water landing loads. Derivation of uncertainty distributions for the water landing loads is presented below. For the other load sets, a simplified uncertainty load distribution is also derived. In the probabilistic analyses performed in this paper, the load uncertainty distributions are used to compute random load factors which are used to scale the NASTRAN stresses in the FI (Eq. 1).
For water landing, a limited set of impact acceleration results (148 results computed from analyses in LS-DYNA, Ref. 11) as a function of various uncertain inputs (vertical velocity, horizontal wind velocity, capsule pitch angle, and wave angle) was available from the studies in Ref. 12 . Uncertainty distributions for these 4 impact parameters are presented in Table 4 . 14) , a distribution for the probability of occurrence of the water landing load was approximated using Monte Carlo (MC) simulation. The MC simulation was conducted using 50,000 random sets of the 4 impact parameters. These sets of random variables were then used by the Kriging approximation to compute 50,000 impact accelerations. Then, both a normal and a lognormal distribution were fit to the MC accelerations. As shown in the cumulative distribution function (CDF) plot in Figure 5 , the normal distribution follows the Kriging MC data set better than the lognormal distribution for a normalized load above 50% of ultimate. To prevent negative values of the load factor (as negative RMS accelerations are not possible), the water landing load factor is truncated at values below 1% ultimate load. The parameters of the normal distribution are used for the reliability analysis in this paper and are presented in Table 5. 1.E-09
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1.E-01 For nominal mission phases (launch, TLI, and max pressure), limit loads were defined in the DDT&E project as 3-sigma (i.e. the probability of occurrence of limit loads is 3 standard devations from the nominal load). Similarly, limit loads were 2-sigma for off-nominal mission phases such as abort, chute-out, and water landing conditions. A method for defining uncertainty distributions for the 2-and 3-sigma loads is presented below.
Eq. 4 can be used to compute the mean for a load distribution for a given CV and normal variate. Because the NASTRAN stresses are computed for ultimate load, the mean for the load distribution (µ L ) is normalized by the stress state at ultimate load (s Ult ). However, the load distribution for 2-and 3-sigma is based on limit loads (with stress state s Lim ); so it is necessary to scale the mean by the factor of safety (FoS) for that load set. The normalized mean (µ L /s Ult ) for the load scale factor is given by Eq. 6:
where K Lim has a value of 2 for off-nominal loads and 3 for nominal loads. For all load sets except water landing, a CV of 10% is assumed. The load distributions used in this paper for the abort, launch, maximum pressure, parachute, and TLI load sets were determined from Eq. 6 and are presented in Table 5 . Also presented in Table 5 is the probability of occurrence per mission of limit load and ultimate load for each load set. Note that the FoS renders the probability of occurrence of ultimate load extremely remote. 
III. Probabilistic Analysis Approach
In the probabilistic approach used in this paper, reliability estimation was performed using three methods: the first-order reliability method (FORM), MC simulation, and conditional sampling. All three methods use a limit state function that is computed as the highest FI out of 139 FE components (groups of elements with an identical composite layup definition) for 15 load sets. The FI is computed as first-ply failure using the Hoffman criterion. The limit state function registers as "failure" when the largest FI has a value above unity. Because the NASTRAN analysis is linear static, the ply-level stresses computed by NASTRAN are held constant in the limit state function. The only variables in the Hoffman equation are the in-plane allowables and load factors for each of the load sets.
Implementation of the reliability estimation required coding of the limit state as a subroutine in MATLAB (Ref. 13 ). This subroutine is used with the UQTools software developed at NASA Langley (Ref 14) in MATLAB to compute the probability of failure using all three methods. Other probabilistic analysis software (such as NESSUS, Ref. 15) could also have been used to perform the reliability estimation. A moderate level of coding is required to define the limit state function for use in any probabilistic analysis software.
In the FORM analysis, the input parameters and the limit state function are transformed into standard normal space. Then, a gradient-based optimization is performed to find the shortest distance from the origin of the transformed design space to the boundary of the failure constraint. The point at this optimized location is called the most probable point (MPP). The probability of failure is computed with Eq. 2 using the distance to the MPP. In MC simulation, millions of sets of random input parameters are generated and then used to compute the limit state function. The probability of failure is computed as the number of failures divided by the number of MC trials performed. In conditional sampling, MC simulation is performed in a reduced design space that is near the MPP, thus performing more simulations near the "tail" of the cumulative distribution function (CDF).
A simplified reliability calculation is also performed using the stress response of the component with the largest FI. By using only the critical load and material allowable, Cornell's (Ref. 16 ) safety index method can be used to compute the probability of failure. Because the load and material distributions are statistically independent and normally distributed variables as shown in Figure 6 , the difference between these distributions is a normal distribution with a mean (µ F ) and standard deviation (σ F ) given by Eq. 7 and 8, respectively (Ref. 10). In Figure 7 , the "safety index" β is computed from Eq. 9. Therefore, the probability of failure is computed using β as the standard normal variate in Eq. 3.
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IV. Probabilistic Analysis Results
In this section, the results of the probabilistic analyses of the CCM are presented. First, results for one and two random variable cases are presented using a simplified "safety index" approach. Next, results are presented for various combinations of random material allowables and random load factors using three computational approaches: FORM, MC simulation, and conditional sampling. Finally, individual probabilities of failure are presented for critical components and load sets.
For a simplified reliability calculation using the "safety index" and two random variables, the response at the most critical component and load set from the NASTRAN FI results (Table 2) is used. For the most critical FI (component #10,065 for high altitude abort load set # 2), the longitudinal stress (compressive) was much larger than the shear and transverse stresses; so the two random variables selected are X C and the abort load set. Three cases were evaluated considering randomness in strength allowable only, load only, and both allowable and load. The results for this study are presented in Table 6 . Note that the load was scaled by the ratio of the NASTRANcomputed longitudinal stress at ultimate load (s Ult ) to the A-basis allowable (X C ) to ensure that both random distributions were normalized by the same stress. Further note that, in this approach, the FI is effectively replaced by a simple ratio of the NASTRAN stress over X C ; so it uses a simpler limit state function. Next, a more detailed probability of failure estimation was performed using three methods: FORM, MC simulation, and conditional sampling. Ten million simulations were run for MC simulation and conditional sampling. Eight probabilistic analysis cases were evaluated using different combinations of random strength and load factors and different sets of FI responses as shown in Table 7 . For all eight cases in Table 7 , the limit state function is the FI; so the probability is computed for first ply failure (P fpf ). For the most computationally expensive case, MC simulation with ten million (10 7 ) sampling points using 20 random variables and 2085 FI responses requires about 75 minutes on a single node of a 2.0 GHz Windows XP computer. This analysis time would be much longer if the full set of millions of FI responses were used. In cases 4 to 6 in Table 7 , only randomness in the strength allowables is considered, and the load probability distributions are effectively an impulse (delta) function at the ultimate load level. Results in cases 4 to 6 and the simplified case 1 (from Table 6 ) predict P fpf on the order of 1%, which is consistent with the 99% tolerance for Abasis allowables. In cases 7 and 8, only randomness in the loads is considered, and strength is fixed at the A-basis value. Results in cases 7 and 8 and the simplified case 2 predict P fpf on the order of 10 -12 , which is consistent with the probability of occurrence for the ultimate abort load set given in Table 5 . In cases 9 to 11, randomness in both allowables and loads is considered. Results in cases 9 to 11 and the simplified case 3 predict P fpf on the order of 10 -11 .
Note that in comparing cases 5 to 6, 7 to 8, and 10 to 11, the FORM analysis produces the same P fpf when only the critical FI is used and when all FI responses are used. The results computed using the simplified method in Table 6 are 15% to 40% higher than the results using the computational approaches in Table 7 due to the differences in limit state functions. Results for three computational methodologies are consistent except when the set of 10 million sampling points is not large enough to produce a single failure for the MC or conditional sampling method. Conditional sampling is more successful at predicting P fpf than MC simulation except when randomness in all 15 load sets is considered (cases 8 and 11). In Table 7 , a P fpf of 0 for MC simulation or conditional sampling means that no failures were found in ten million simulations.
For the case #11 probabilistic estimate, the P fpf is controlled primarily by the parameters for the longitudinal compressive strength parameter and load set #2, as shown in Figure 8 . In Table 7 by comparing case # 4 and #6, P fpf seems to be dominated by the FI of component 10,065 at high altitude abort because the difference in P fpf is around 1% between cases using only one FI response and the cases using all 2085 FI responses. The dominance of this combination of component and load set on the reliability is further illustrated in Table 8 . In Table 8 , for some cases, the estimated probability of failure was extremely low (below 1.E-18), notably for the pressure, water landing, and TLI load sets. The accuracy of these extremely low P fpf values is questionable because calculations are performed with values near machine zero. 
V. Summary
In the probabilistic approach used in this paper, the structural analysis was performed with inputs that are uncertain in nature. An approach was presented using water landing simulation data to determine uncertainty distributions for water landing loads. In the absence of relevant statistical data for the other load cases and for material strengths, a simple method was presented for determining uncertainty distributions for these other random parameters. Next, the limit state was defined as the probability of first ply failure P fpf that the Hoffman failure index (FI) is greater than unity. Strength-based FI responses for the CCM were considered for 15 critical launch, maneuver, and landing load sets. To reduce the amount of data used by the probabilistic analysis, component-level responses were considered instead of element-or ply-level responses. For the limit state calculation, the ply-level stresses computed by NASTRAN were held constant. The last step was the computation of P fpf .
Simplistic reliability estimation was performed using longitudinal compressive strength and the load distribution for high altitude abort. This safety index approach was used to compute a distribution for failure as the difference between two normal distributions for applied load and strength allowable. In order to use the Hoffman FI from the deterministic design in the reliability estimation, three more complicated methods were used: the first-order reliability method (FORM), MC simulation, and conditional sampling. All three methods used a limit state function that was computed as the highest FI out of 139 FE components (groups of elements with an identical composite layup definition) for 15 load sets for a total of 2085 responses. Results for the three methods were consistent. The FORM analysis missed the contribution of the less critical components and load conditions that conditional sampling and Monte Carlo simulation predicted. Conditional sampling was better than Monte Carlo simulation for predicting low probabilities of failure, but conditional sampling had difficulty handling randomness in all 15 load sets and predicted zero failures in ten million samples.
The reliability is shown to be driven by first ply failure in one region of the CCM at the high altitude abort load set. If only material uncertainty is considered, P fpf is around 1%, which is consistent with A-basis allowables. Considering only load uncertainty, P fpf is around 3E-12, which is consistent with the probability of occurrence of ultimate load. The final predicted probability of failure using random parameters for both allowable and load is one order of magnitude higher than Pfpf using only load uncertainty.
One goal of this CCM study was to examine the computational cost of probabilistic analysis of the CCM. The actual probabilistic analysis required just over an hour of computational time, which is more expensive than the ten minutes required to perform a NASTRAN analysis for all load cases, but not prohibitive. Several weeks of work was required to set up the probabilistic software, but this is on par with the time required to set up the deterministic analysis. Another aim of the probabilistic study of the CCM was to present a method to characterize uncertainties for parameters that affect the structural response such as loads and material properties. Uncertainties were characterized using a very simple method when limited uncertainty data was available. When actual simulation data was available for water loading, a Kriging approximation was used to develop a load distribution. Another goal of the study was to demonstrate a method to compute reliability on the CCM. This reliability estimation was perfomed using a variety of methods, requiring computational times ranging from under a minute to almost two hours. The final goal of this study was to determine the effect of the factors of safety (FoS) applied to the deterministic loads on the reliability of the CCM. The probability of occurrence of ultimate load was on the order of 10 -12 to 10 -16 for the loads with a FoS of 1.4, which is consistent with the P fpf for the CCM using only randomness in the loads. The P fpf for the CCM using both randomness in the loads and the strength allowables was around 2E-11. The low P fpf is driven by low probability of occurrence of ultimate loads, which is due to the highly conservative nature of the FoS.
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